Phenylalkanols such as tyrosol and hydroxytyrosol (h-tyrosol), which possess antioxidant and anticancer properties, were phosphatidylated by phospholipase D (PLD)-catalyzed transphosphatidylation. After a 24-h reaction of phosphatidylcholine (PC) and tyrosol with PLD, a new product was detected by TLC and identified to phosphatidyl-tyrosol by high resolution MS and NMR analyses. The optimum reaction conditions were as follows; soyPC 50 µmol, tyrosol 500 µmol, ethyl acetate 1.6 ml, PLD 1.6 U, 0.2 M sodium acetate buffer (pH 5.6) 0.8 ml, 37 o C for 24 h. Under the optimum reaction conditions, the yields of phosphatidyl-tyrosol, hydroquinone (HQ), 2-(4-aminophenyl)ethanol (4APE), h-tyrosol, and 2-phenylethanol (PEA) were 87±3.7, 13±1.3, 90±2.3, 64±5.5, and 85±1.0 mol%, respectively. Furthermore, from the results of transphosphatidylation of soyPC with several phenylethanols and phenylpropanols, we established the following details about the reaction specificity of transphosphatidylation by PLD from Streptomyces sp: (1) Para-amino and para-hydroxyl groups in the benzene ring of PEA derivatives do not affect the transphosphatidylation by PLD, whereas meta-hydroxyl group slightly inhibits the transphosphatidylation. (2) Meta and ortho-methyl groups in the benzene ring of PEA derivatives also slightly inhibit the transphosphatidylation. (3) Secondary and tertiary alcohols and hydroquinone are difficult to transphosphatidylate by PLD.
Introduction
Phospholipase D (PLD) (EC 3.1.4.4) is a lipolytic enzyme used for hydrolyzing the terminal phosphodiester bond of phospholipids (PLs) [1] . PLD can also be used as a catalyst in the transphosphatidylation in order to exchange the phosphatidyl moiety of PLs to various alcohols.
Transphosphatidylation is an effective reaction for the application of functional alcohols in a wide variety of fields such as the production of fine chemicals, functional foods. In previous studies, 6-phosphatidyl-L-ascorbic acid was synthesized from egg yolk phosphatidylcholine (PC) and L-ascorbic acid [2] , it exhibited a high anti-oxidative activity [3] . In addition, 5-fluorouridine
[4], kojic acid and arbutin [5] were phosphatidylated by PLD-catalyzed transphosphatidylation, and the synthesized compounds exhibited antitumor effects [4] and inhibitory effects on tyrosinase [5] . We have also reported the synthesis of phosphatidyl-terpenes such as phosphatidyl-geraniol, phosphatidyl-myrtenol, and phosphatidyl-perillyl alcohol by PLD [6, 7] .
The synthesized phosphatidyl-perillyl alcohol significantly reduced viability of human leukemia and prostate cancer cells [7] .
In this study, we focused on the transphosphatidylation of functional phenylalkanols by PLD.
2-(4-Hydroxyphenyl)ethanol (tyrosol; 1) and 2-(3,4-dihydroxyphenyl)ethanol (h-tyrosol; 5) ( Fig.   1 ), which contained olive oil extracts, exhibit antioxidant activity [8] and apoptosis induction against colon cancer cells [9] , and induce the differentiation of leukemia cells [10] . 4-Hydroxybenzyl alcohol (4HBA; 2) is a component of Gastrodia elata Blume (Orchidaceae) that has an anxiolytic-like effect on mice [11] , and tyrosinase inhibitory activity [12] . In addition, we used hydroquinone (HQ; 3), 2-(4-aminophenyl)ethanol (4APE; 4), 2-phenylethanol (PEA; 6) ( Fig. 1 ) and other phenylalkanols as substrates to clarify the reaction specificity of the PLD from Streptomyces sp., because this information is important for the application of PLD-catalyzed transphosphatidylation to various fields. The present study provides critical information related to the production of novel PLs with an aromatic structure by PLD.
Materials and methods

Materials
PLD from Streptomyces sp. was purchased from Sigma Chemical Co. (St. Louis, MO, USA).
SoyPC (soybean phosphatide extracts; PC>95%) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; MW 786.15) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Egg yolk PC (COATSOME NC-50, >98%) was obtained from NOF Co. (Tokyo). Salmon roe PC was separated from total lipids extracted from salmon roe with preparative silica gel thin layer chromatograpy. All substrates, tyrosol (1), 4HBA (2), HQ (3), 4APE (4), h-tyrosol (5), PEA (6), benzyl alcohol (BA; 7), 3-phenyl-1-propanol (3P1Pr; 8), 4-phenyl-1-butanol (4P1Bu; 9), 
Transphosphatidylation of phosphatidylcholine with aromatic alcohols
In the typical reaction, 50 µmol soyPC and 500 µmol phenylalkanol were dissolved in 1. 
Yield of phospholipids
The yield of synthesized PLs was measured by a high-performance liquid chromatography 
Results and discussion
Phosphatidylation of phenylalkanols and hydroquinone by phospholipase D
The phosphatidylation of tyrosol (1) 13 C NMR analysis. On the basis of these analytical data, the synthesized compound was identified as phosphatidyl-tyrosol (17) (Fig. 1) . On the other hand, phosphatidyl-tyrosol that bound to para-hydroxyl group in the benzene ring and the phosphate group in PC was not detected by the NMR analysis.
In the case of the transphosphatidylation of DOPC with other hydroquinone (3) and phenylalkanols such as 4HBA (2), 4APE (4), h-tyrosol (5), and PEA (6), the synthesized PLs were also identified to be phosphatidyl-4HBA, phosphatidyl-HQ, phosphatidyl-4APE, phosphatidyl-h-tyrosol and phosphatidyl-PEA by TLC, MS and NMR analyses (data not shown).
Optimization of transphosphatidylation with soyPC and tyrosol
We examined the effect of the tyrosol content on the transphosphatidylation by PLD. The yield of phosphatidyl-tyrosol (17) increased with an increase in the amount of tyrosol (1) and reached to 87±3.7 mol% at 500 µmol of tyrosol (1) (Fig. 3) . However, the yield of phosphatidyl-tyrosol reduced to less than 20% at 2000 µmol of tyrosol. The same results were observed in our previous research in which we investigated the transphosphatidylation between soyPC and terpene alcohols [6] . Therefore, it is suggested that an excessive amount of alcohol inhibits the transphosphatidylation by PLD. On the other hand, the yield of phosphatidyl-tyrosol increased in a time-dependent manner and reached a plateau after a 12-h reaction (Fig. 4) . Based upon these results, we could determine the following optimum reaction conditions: soyPC 50 µmol, tyrosol
(1) 500 µmol, ethyl acetate 1.6 ml, PLD 1.6 U, 0.2 M sodium acetate buffer (pH 5.6) 0.8 ml, 37 o C for 24 h.
Further, we attempted the transphosphatidylation using different substrate PCs with tyrosol by PLD. In the case of egg yolk PC containing mainly saturated palmitic acid and stearic acid, and salmon roe PC containing eicosapentaenoic acid and docosahexaenoic acid, the yield of phosphatidyl-tyrosol in these two cases was 86±2.8 and 80±4.2 mol%, respectively, and was almost the same as that from soyPC. PLD from Streptomyces sp. used in this study did not discriminate the substrate PCs having different fatty acid composition.
Effect of substrate alcohol structure on the transphosphatidylation by PLD
In order to investigate the specificity of PLD-catalyzed transphosphatidylation, we attempted reactions using several phenylalkanols as shown in Fig. 5 , under the following reaction conditions: soyPC 50 µmol, phenylalkanol 500 µmol, ethyl acetate 1.6 ml, PLD 1.6 U, 0.2 M sodium acetate buffer (pH 5.6) 0.8 ml, 37 o C for 24 h.
When 4APE (4) and PEA (6) were used as substrate alcohols, the yields of the synthesized PLs were 90 ± 2.3 and 85 ± 1.0 mol%, which were almost the same as the yield of phosphatidyl-tyrosol (Fig. 5) . These data show that para-hydroxyl and para-amino groups in the benzene ring of PEA derivatives do not affect the transphosphatidylation by PLD, while the parahydroxyl group cannot be an acceptor. On the other hand, the yield of phosphatidyl-h-tyrosol was approximately 20% lower than that of phosphatidyl-tyrosol. Therefore, the meta-hydroxyl group in the benzene ring is suggested to slightly inhibit the transphosphatidylation by PLD. The degree of synthesis of phosphatidyl-4HBA as estimated by the TLC analysis was low (Fig. 5) . HQ (3) was low yield for the transphosphatidylation catalyzed by PLD from Streptomyces sp.
Furthermore, the degrees of transphosphatidylation of phenylalkanols such as phosphatidyl-BA, phosphatidyl-3P1Pr, phosphatidyl-4P1Bu and phosphatidyl-5P1Pe were almost the same moderate levels (60%-80%) as estimated by a qualitative TLC analysis. Their reaction yields were lower than that of phosphatidyl-PEA (>80%). From these results, the optimum distance from the benzene ring to the primary hydroxyl group is suggested to be two carbon chains length. Ortho-methyl group (2,2MPE (11)) or meta-methyl group (2,3MPE (12)) in the benzene ring also decreased the transphosphatidylation by PLD as compared to PEA (6) (Fig. 5) .
Moreover, when compared with the yields from phenylpropyl alcohol isomers, it was revealed that primary alcohol (2P1Pr (13)) was a better acceptor for transphosphatidylation than secondary alcohol (1P2Pr (14)) and tertiary alcohol (2M1P2Pr (15)) (Fig. 6) . These results indicate that the hydroxyl group close to bulky alkyl groups is difficult to be transphosphatidylated by PLD.
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